ABSTRACT: Recombinant human erythropoietin (rEpo) is neuroprotective in neonatal models of brain injury. Pharmacokinetic data regarding the penetration of circulating rEpo into brain tissue is needed to optimize neuroprotective strategies. We sought to determine the pharmacokinetics of rEpo given intraperitoneally or subcutaneously in plasma and brain. We hypothesized that 1) exogenous rEpo would penetrate the blood-brain barrier (BBB), 2) brain and plasma Epo would correlate, and 3) brain injury would enhance rEpo penetration. Two hundred and eighty-four 7-d-old control, sham, or brain-injured rats were treated with i.p. or s.c. rEpo (0, 250, 2500, or 5000 U/kg) and killed at scheduled intervals. Plasma and brain tissue were collected. Epo concentrations were measured by ELISA. Intraperitoneal injection yielded a faster and greater peak concentration of plasma rEpo (Tmax 3 h, Cmax 10,016 Ϯ 685 mU/mL) than s.c. injection (Tmax 9 h, Cmax 6224 Ϯ 753 mU/mL). Endogenous brain Epo was below detection even after hypoxia exposure. Systemic rEpo crossed the BBB in a dose-dependent manner, peaked in brain at 10 h, and was increased after brain injury. We conclude that highdose rEpo is detectable in brain for Ͼ20 h after a single systemic injection. These pharmacokinetic data are valuable for planning of rEpo neuroprotection experiments. 
B
rain injury from hypoxia-ischemia is a significant cause of morbidity and mortality in the term and preterm neonate. Between 20% and 50% of asphyxiated newborns with hypoxic-ischemic encephalopathy die during the newborn period. Among survivors, approximately 25% will have some form of permanent neurodevelopmental handicap, including learning disabilities, mental retardation, cerebral palsy, or epilepsy (1) . Given the increasing prevalence of neurodevelopmental impairment and the corresponding need for extended follow-up care, there is a great need for therapeutic intervention (2, 3) .
A variety of experimental animal models use hypoxiaischemia to study neonatal brain injury. Most commonly, animals are subjected to unilateral common carotid artery ligation followed by systemic hypoxia produced by the inhalation of 8% oxygen (4) . Seven-day-old rat pups are frequently used because this age corresponds neurodevelopmentally to a 32-34 wk gestational age human fetus. At this age, cerebral cortical neuronal layering is complete, the germinal matrix is involuting, and white matter has not yet myelinated (5) . The brain injury created using this model is limited to the cerebral hemisphere ipsilateral to the carotid artery occlusion and includes damage to the cerebral cortex, striatum (basal ganglia), hippocampus, subcortical, and periventricular white matter (6) .
Epo is the primary erythropoietic cytokine and rEpo (200 -400 U/kg/dose) is widely used to treat anemia in preterm infants (7) . In addition, rEpo is neuroprotective in animal models of brain injury at doses ranging from 1,000 to 30,000 units/kg (8) . Epo receptors are found in organs throughout the body, including the brain (neurons and glia), eye, heart, lung, liver, small intestine, kidney, adrenals, and placenta (9) . Epo functions trophically in a paracrine-autocrine fashion during development and in the normal adult brain, and both Epo and Epo receptor expression are induced by ischemia (10) . Both intraperitoneal (i.p.) and subcutaneous (s.c.) administration are effective in rodents. Despite the large molecular size of rEpo (37 kD) and its highly glycosylated, negatively charged structure, a small proportion of systemically administered high-dose rEpo has been measured in CSF in adult primates, near-term sheep, and humans (11, 12) . The mechanism by which it crosses the BBB is unknown but may include facilitated or simple diffusion (11, 13) .
The pharmacokinetics of high-dose rEpo in the neonatal rat model are undetermined. Most importantly, it is not known whether route of administration or brain injury affect the concentration of rEpo in brain tissue. We previously determined that systemic administration of high-dose rEpo produces a slow increase of rEpo in CSF (14) . More complete pharmacokinetic information will be helpful to determine appropriate plasma target concentrations in future translational studies aimed at reducing brain injury in human neonates. The principle aim of this study was therefore to compare the pharmacokinetics of rEpo (5000 U/kg) given i.p. or s.c. to both brain-injured (hypoxia-ischemia) and noninjured rat pups. We hypothesized that 1) systemic rEpo would penetrate the BBB and be detectable in brain extracts, 2) Epo concentrations measured in brain extracts and plasma would correlate, and 3) brain injury would enhance rEpo penetration across the BBB. Because our methods detect both endogenous rat Epo and exogenous rEpo, we performed dose-concentration experiments to examine whether hypoxia alone, or hypoxic-ischemic brain injury trigger substantial changes in endogenous Epo concentrations. Here, we report that systemic rEpo administration produces a rapid plasma peak and subsequent decline, with a more gradual accumulation of rEpo in brain.
METHODS
All experimental protocols were approved by the Animal Care and Use Committees at the University of Washington in accordance with U.S. National Institutes of Health guidelines. Timed-pregnant Sprague-Dawley rats (Harlan, Kent, WA) were purchased to permit treatment of rats at postnatal day (P) 7. Animals were housed with a 12-h light/dark cycle and fed ad libitum. Three groups of P7 pups were studied: hypoxia-ischemia braininjured (n ϭ 176), noninjured (controls, n ϭ 120), and hypoxia-only shams (n ϭ 12). Unilateral brain injury was created by cauterizing the right carotid artery of anesthetized (2.5% isoflurane) P7 rats. After ligation, animals recovered on a warming blanket for 1 h before exposure to 8% oxygen (15 L/min) for 5 min to flush the chamber followed by low-flow 8% oxygen (5 L/min) for 85 min. The chamber was closely monitored to maintain an ambient temperature of 36°C. Noninjured control pups were not exposed to ligation or hypoxia. Noninjured sham animals were given an incision only, then exposed to 8% hypoxia for 90 min.
One 100-L injection of rEpo (Procrit, Amgen Inc., Thousand Oaks, CA) or saline vehicle was administered to each pup, either i.p. (n ϭ 162) or s.c. (n ϭ 146). Dosing was based on group litter weight. Doses were either 0 (saline vehicle), 250, 2500, or 5000 U/kg as indicated in figures and tables. For those animals that underwent brain injury, rEpo was given within 30 min after hypoxia exposure. After rEpo dosing, pups were returned to their dams until they were euthanized at timed intervals from 0.5 to 48 h after injection.
Rats were killed by an overdose (75 mg/kg) of Euthasol i.p. (Delmarva Labs, Inc., Midlothian, VA) followed by decapitation. Blood was collected in EDTA-containing 1.5-mL tubes, centrifuged at 25°C (2500 ϫ g, 10 min), and plasma stored at -80°C. Brains were removed, separated into right and left hemispheres, and weighed. Each hemisphere was homogenized in twice the volume for weight (mL/g) of ice-cold buffer (0.32 M sucrose, 1 mM EDTA, 5 mM Tris, 0.1 mM phenyl-methyl-sulfonyl-fluoride, 1 mM ␤-mercaptoethanol) containing protease inhibitors (10 M leupeptin and CalBiochem 539131 Cocktail Set 1, 1 mg/L). Brain homogenates were centrifuged at 4°C (3000 ϫ g, 10 min). The first supernatant was spun a second time (20,000 ϫ g, 15 min) and the final supernatant was stored at -80°C.
Total protein and Epo concentrations were measured using colorimetric assays read on a Beckman-Coulter AD340 plate reader. Epo concentrations in plasma and brain extracts were measured by ELISA using the Quantikine IVD human Epo Immunoassay (R & D Systems, Minneapolis, MN). This ELISA will detect both endogenous rat Epo and rEpo. A standard curve was done in duplicate using control solutions ranging from 0 to 200 mU/mL rEpo. Variability was less than 5% and sensitivity was 0.6 mU/mL. Plasma samples were diluted based on prior experience to fit the ELISA standard range as follows: undiluted for the 0 U/kg dose, 1:5 used with the 250 U/kg dose, 1:30 used for the 2500 U/kg dose, and 1:50 used for the 5000 U/kg dose. At 1:50 with a 0.6 mU/mL sensitivity, a value of 30 mU/mL or less could be undetectable. All brain extracts were measured undiluted. Total protein concentrations for each brain extract were based on the reduction of bicinchonic acid (BCA assay, Pierce, Rockford, IL). Epo concentrations from brain extracts were normalized to total brain protein and are expressed in mU/mg protein.
Pharmacokinetic methods. Model-independent methods were used to compute pharmacokinetic values from mean Epo concentration versus time curves for plasma and brain after s.c. or i.p. injection (15) . The elimination rate constant (k) for the plasma data was derived using linear regression to compute the slope of the ln plasma Epo concentration versus time graph during the terminal phase. The trapezoidal rule was used to calculate the AUC for the plasma or brain concentration versus time data. For the plasma concentrations, the AUC was extended to infinity by dividing the last measured concentration by the elimination rate constant. The Cmax for the plasma or brain concentration versus time curves were determined by inspection of the data. Tmax was the time that Cmax was attained for each data set. The fraction of Epo in the brain (f brain ) was computed by dividing the brain concentration by the concurrent plasma concentration for each time point.
Values below the ELISA sensitivity limit (0.6 mU/mL) were treated as zero based on convention.
The t 1/2 for the plasma concentration versus time curve was computed by taking the quotient of 0.693 and the elimination rate constant. Because the absolute fraction of drug absorption (F) after s.c. or i.p. injection is unknown for this model, clearance (Cl/F) and volume of distribution (V/F) were computed as hybrid constants using the following equations: (Cl/F) ϭ D/AUC 0 -ϱ and (V/F) ϭ D/(k · AUC 0 -ϱ ). The relative amount of drug absorbed after s.c. injection compared with intraperitoneal injection (F rel ) was computed by taking the ratio of the respective area under the curve values (AUC (s.c.)0 -ϱ /AUC (i.p.)0 -ϱ ).
Data are expressed as means (ϮSEM) and plotted to illustrate the time course of plasma and brain Epo concentration changes separately. Statistics and correlations between plasma and brain measures were performed using SPSS software (Chicago, IL) with an alpha level of 0.05, as indicated in Table 3 .
RESULTS
Plasma Epo concentrations were obtained from 308 P7 rat pups. One hundred and twenty pups were noninjured controls, 176 underwent hypoxia-ischemia, and 12 sham rats underwent hypoxia exposure without ischemia (no ligation). Although there is significant homology between rat and human rEpo, baseline plasma Epo concentrations of endogenous rat Epo were below the limit of ELISA detection in P7 rat pups. After injection of rEpo (5000 U/kg), plasma Epo concentrations increased measurably. There were no differences between the plasma Epo concentrations of control and brain-injured animals and, therefore, plasma values were analyzed for effects of route of administration. Figure 1 plots the difference in rEpo pharmacokinetics for i.p.-and s.c.-injected animals. The Cmax were at 3 h after i.p., and 9 h after s.c. injection. Cmax was greater for i.p. than for s.c. injection (Ͼ10,015 Ϯ 685 mU/mL versus 6224 Ϯ 753 mU/mL). Twenty-four hours after a single injection, plasma Epo concentrations remain elevated (2022 Ϯ 566 mU/mL s.c. and 1093 Ϯ 442 mU/mL i.p.). By 48 h after either i.p. or s.c. injection, plasma Epo concentrations returned to baseline levels. The plasma pharmacokinetic parameters for i.p. versus s.c. dosing are compared in Table 1 . Table 2A . Peak Epo concentrations in brain extracts were slightly higher following i.p. injection compared with s.c. injection (3.3 Ϯ 1.5 versus 2.8 Ϯ 0.8 mU/mg protein), with the AUC0-24 being 14% less after s.c. dosing, a value consistent with the plasma kinetics. By 24 h after either i.p. or s.c. injection, Epo was essentially undetectable in brain extracts.
In brain-injured animals, we examined Epo concentrations in brain extracts by hemisphere (injured versus contralateral) and by route of injection. Figure 3A plots the timed Epo measurements in extracts from injured versus contralateral hemispheres after s.c. injections. Epo was detected in both the ipsilateral and contralateral hemispheres, with no appreciable hemispheric differences. Peak brain Epo concentration occurred at 7 h post injection (2.5 Ϯ 0.02 mU/mg) in the injured hemisphere. Epo concentrations in the brain returned to baseline by 24 h after injection. Figure 3B plots the corresponding data for i.p. rEpo. Table 2B lists the pharmacokinetic parameters for brain-injured animals.
To determine whether hypoxia alone or hypoxia-ischemia stimulates production of endogenous brain Epo, and to test whether the penetration of exogenous rEpo into brain occurs in a dose-dependent manner, experiments were performed to examine the dose-concentration relationship between rEpo dose and plasma and brain Epo concentrations. Based on the pharmacokinetic data described above, a rising phase plasma time point at 2.5 h and an approximate peak brain time point at 9 h were chosen to compare multiple lower doses of rEpo. Table 3 lists the dose-concentration relationship of rEpo measured in plasma (A) and right hemisphere brain (B) for hypoxia- 
-injected rats (panel B).
At 48 h, all brain extracts were below the Epo detection limit and were assigned a value of zero. Additional abbreviations used: Cl/F ϭ clearance/fraction, V/F ϭ volume of distribution, and F ϭ absolute fraction of drug absorption. 673 exposed shams (untreated) and hypoxic-ischemic brain-injured animals (rEpo treated). As expected, we found a dose-dependent increase in plasma Epo concentration when comparing 0, 250 and 2500 U/kg administered i.p. We also demonstrated a small increase in measured endogenous plasma Epo when animals were exposed to hypoxia alone, and this was slightly increased when animals experienced hypoxia-ischemia 24.9 Ϯ 10.9 versus 42.3 Ϯ 6.7 (Table 3A) . There were no changes in measured brain Epo with either hypoxia or hypoxia-ischemia (Table 3B ). These data confirm that detectable brain Epo requires systemic injection of rEpo at high doses.
Overall, plasma Epo correlated with brain Epo (r ϭ 0.57, p Ͻ 0.001). This relationship was stronger for brain-injured than for control animals. After brain injury, the correlations were r ϭ 0.71 (p Ͻ 0.001) for s.c. dosing, and r ϭ 0.65 (p Ͻ 0.001) for i.p. dosing. In controls, the correlations were r ϭ 0.57 (p Ͻ 0.001) for s.c. dosing, and r ϭ 0.38 (p Ͻ 0.01) for i.p. dosing.
DISCUSSION
We determined the pharmacokinetics of systemically administered high-dose rEpo to help convert the neuroprotective doses used in animal research into protocols applicable to humans. In neonatal rodents, 5000 U/kg rEpo is neuroprotective following hypoxic-ischemic injury (16 -18) . The pharmacokinetic profile relating experimental doses to plasma and brain Epo concentrations will be useful for calculating appropriate doses for human administration. One prior report demonstrated that Epo could be measured directly in brain (19) , and we previously measured plasma and CSF concentrations of Epo following 5000 U/kg rEpo (11) . Therefore, we chose to do a thorough examination of the pharmacokinetics of rEpo measured directly in brain tissues. These data improve our understanding of the pharmacokinetics of rEpo by establishing the profile of a single high dose given to neonatal animals.
To identify potential differences due to route of administration, it is helpful to compare the total exposure of the drug over time, the maximal drug concentration, and the corresponding half lives between i.p.-and s.c.-injected animals. In plasma, Epo increased after injection of 5000 U/kg rEpo in both i.p.-and s.c.-injected groups, and remained elevated for 24 h (Fig. 1) . Intraperitoneal rEpo administration produced higher plasma concentrations (1AUC and 1Cmax) than did s.c. administration (Table 1) . This is partially due to more rapid absorption for i.p. (2Tmax and 1Cmax than s.c.). Correspondingly, the longer absorption time for s.c. (1Tmax and 2Cmax) may have contributed to the longer t 1/2 for s.c. Overall, the relative fraction (AUC SC /AUC IP ) absorbed after s.c. injection was 84% of that after i.p. injection. Therefore, the majority of the difference in plasma Epo between s.c. and i.p. is probably due to the differences in absorption fractions and rates of absorption. Alternative explanations for differences between i.p. and s.c. concentration versus time curves would involve incomplete absorption or degradation of rEpo at the site of s.c. injection. Control brain Epo concentrations (Fig. 2 ) are lower after s.c. than after i.p. administration. This corresponds well to the differences in s.c. and i.p. plasma concentrations. For example, comparing Tables 1 and 2 , it is apparent that the Epo plasma AUC is 16% less, and control brain AUC is 14% less when comparing s.c.-to i.p.-injected animals. This proportional similarity in overall exposure between plasma and brain suggests that active transport at plasma concentrations below saturation levels or plasma concentration-driven diffusion are possible mechanisms of Epo passage across the BBB. Compared with plasma, changes in brain Epo after i.p. administration occurred more gradually, with brain Epo concentrations continuing to increase (Tmax ϭ 10 h) while i.p. plasma Epo was declining (Tmax ϭ 3 h). Note also that brain Epo declines to near 0 mU/mg protein by 24 h whereas plasma Epo is still above 1000 U/mL. This point is in contrast to the one prior report that found detectable brain Epo 72 h post treatment (19) .
After injury, brain Epo concentrations in the injured hemisphere were higher (1AUC and 1Cmax) than those in the contralateral hemisphere (Table 2 ). After i.p. administration, the injured hemisphere is exposed to 50% more overall and double the peak concentration (105% Cmax) compared with the contralateral hemisphere. After s.c. administration, the hemispheric asymmetry is less substantial, with a 4% increase overall and a 19% peak increase in the injured hemisphere. One possible explanation for the route-dependent differences in the penetration of rEpo into each hemisphere may be that ‡ rEpo was injected after hypoxia in doses of 0 (vehicle), 250, or 2500 U/kg i.p. § Epo ELISA sensitivity is 0.6 mU/mL. Values below detection were treated as 0 mU/mL. There were six animals per group for all conditions (n ϭ 48 total). * p Ͻ 0.05 and **p Ͻ 0.01 compared with same time Epo 0 group using Mann-Whitney U nonparametric tests.
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BBB permeability is greatest soon after injury and BBB integrity is gradually restored. If this were true, then the rapid absorption of i.p. rEpo would also produce a greater penetration across the BBB during the window of permeability. Collectively, these data suggest that rEpo brain penetration is primarily driven by plasma concentration. This relationship is evident in the overall correlation between all Epo plasma data and all Epo brain data. Several studies characterizing the pharmacokinetics of lower doses of rEpo used to treat anemia of prematurity in preterm infants have identified that rEpo kinetics may be nonlinear in infants (20, 21) . Nevertheless, it may be useful to contrast the plasma parameters measured in preterm infants given a single s.c. dose of rEpo (400 U/kg) (22) with those reported in Table 1 . In that study, plasma Epo remained significantly elevated 72 h after injection, AUC 0 -72 was 19,058, Cmax was 739.8 mU/mL, Tmax was 7.7 h, and t 1/2 was 2.9 h. In comparison to infants given 400 U/kg rEpo s.c., neonatal rats given 5000 U/kg s.c. exhibit a 6-fold increase in total exposure, 8-fold increase in peak, and a 2.9-fold increase in t 1/2 for plasma rEpo kinetics.
In summary, this report demonstrates that systemic administration of high-dose rEpo results in a slow increase in brain Epo concentration in both normal and brain-injured neonatal rats. The i.p. route of rEpo administration produced a higher plasma Epo concentration more rapidly, with correspondingly greater penetration into the brains of brain-injured animals. Overall, however, the total body exposure to rEpo, as measured by plasma AUC, was similar with both routes. Like i.p. administration, the i.v. administration of rEpo results in rapid attainment of high peak concentrations. These data provide some insight into plasma Epo concentrations that can be considered neuroprotective. Based on previously published neonatal animal studies, 5000 U/kg rEpo is neuroprotective (17, 18, 23, 24) . We demonstrated that this dose, when given i.p. or s.c., results in peak plasma concentrations ranging from 6,000 to10,000 mU/mL. Further studies are needed to determine the safety and pharmacokinetics of high-dose rEpo in human infants.
